Background {#Sec1}
==========

Hashimoto's thyroiditis (HT) is a frequent autoimmune thyroid disease, affecting approximately 5% of the general population, especially women \[[@CR1]\]. HT is characterized by intrathyroidal monocyte infiltration along with rising serum autoantibodies, such as anti-thyroglobulin antibody (anti-Tg) and anti-thyroid peroxidase antibody (anti-TPO), and is the leading cause of hypothyroidism worldwide \[[@CR2]\]. However, most patients (approximately 79.3%) show normal thyroid function at diagnosis \[[@CR3]\] and may be euthyroid for many years \[[@CR2]\]. Hypothyroidism may lead to neuropsychological deficits, including depression and anxiety \[[@CR4]\]. Only in recent years, a high prevalence of psychiatric involvement in HT patients has been increasingly recognized, independent of thyroid function \[[@CR5]--[@CR9]\]. Symptoms of depression and anxiety are more common in euthyroid HT patients than in the general population, with up to 52.9% demonstrating affective illness \[[@CR7]\]. Neuroimaging data of euthyroid HT patients, even those without psychiatric symptoms, reveals cerebral perfusion impairments, particularly in the frontal cortex \[[@CR10]\], a key brain region for the control of emotional behaviors \[[@CR11]\]. In line with this, another imaging study showed decreased gray matter density in the left inferior frontal gyrus in these patients \[[@CR12]\]. In addition, a severe neuropsychiatric disorder independent of thyroid status has been described to exceptionally target patients suffering with HT \[[@CR13], [@CR14]\]. Taken together, these data strongly suggest a primary brain-specific mechanism that is independent of thyroid hormone level. However, the mechanisms of brain injury responsible for the psychological impairments in the context of euthyroid HT remain unclear.

HT is the most prevalent autoimmune disease, frequently co-occurring with other autoimmunological diseases \[[@CR15]\], including rheumatoid arthritis and systemic lupus erythematosus. These illness have also been found to present a high comorbidity with depression and anxiety \[[@CR16], [@CR17]\], the mechanism of which has been reported to be associated with significant neuroinflammation \[[@CR17], [@CR18]\]. Neuroinflammation is an essential innate response against brain injury. However, uncontrolled neuroinflammation can result in a series of deleterious consequences involving brain cells, immune cells, and signaling molecules \[[@CR19]\]. Glial cells, including microglia and astroglia, are the immune cells of the central nervous system and the main cellular regulators of neuroinflammation \[[@CR20]\]. Normally, glial cells exist in the resting state, but under pathological conditions, they become over-activated and release a plethora of neurotoxic species, such as proinflammatory cytokine interleukin-1β (IL-1β), tumor necrosis factor-α (TNF-α), and interleukin-6 (IL-6) \[[@CR20]\]. These events appear to negatively impact the synthesis and reuptake of neurotransmitters relevant to mood regulation, especially serotonin (5-HT) \[[@CR21]\]. As such, neuroinflammation, characterized by neuroglia activation and the related generation of pro-inflammatory cytokines, has been acknowledged as a triggering factor for psychiatric conditions \[[@CR22], [@CR23]\]. Given the significant role of neuroinflammation in mental pathology, we hypothesize that neuroinflammation may provide a mechanism for the pathogenesis of psychological impairments in the context of euthyroid HT.

To test this hypothesis, this study built a classical model for the human disease HT in which female NOD mice were immunized with thyroglobulin \[[@CR24]\] and investigated whether HT itself was capable of triggering neuroinflammation accompanied by anxiety/depressive-like behaviors in mice. As the frontal cortex is reported to be predominantly affected in euthyroid patients with HT \[[@CR10], [@CR12]\] and play a substantial role in mood regulation \[[@CR11]\], we focused on the frontal cortex and set out to examine the cellular and molecular events associated with neuroinflammation, such as the activation status of microglia and astrocytes as well as the expression of proinflammatory cytokines IL-1β, TNF-α, and IL-6. The consequences of such inflammation on the neurons and the components of serotonin signaling were also examined.

Methods {#Sec2}
=======

Animals {#Sec3}
-------

Female NOD mice (8--9 weeks old; 22\~25 g) were obtained from Beijing HFK Bioscience Co., Ltd. (Beijing, China) and randomly assigned into two groups: the control group (Con group, *n* = 10) and Hashimoto's thyroiditis group (HT group, *n* = 10). These mice were housed in cohorts of three to four under standard laboratory conditions (23 ± 2 °C, a 12-h light/12-h dark cycle, 55 ± 5% humidity) and had ad libitum access to tap water and rodent chow. The NOD mouse strain is a common model of autoimmune diseases. The animals spontaneously develop autoimmune diabetes with aging. Considerable evidence has confirmed that diabetes in NOD mice can be inhibited by a single injection of complete Freund's adjuvant \[[@CR25]--[@CR27]\], so this condition may not be a major issue when NOD mice, following immunization with thyroglobulin in complete Freund's adjuvant, are used for HT in this study \[[@CR24]\].

Immunization and experimental design {#Sec4}
------------------------------------

After 7 days of acclimatizing, mice in the HT group were challenged with 25 μg porcine thyroglobulin (Tg; Sigma-Aldrich, USA) emulsified in complete Freund's adjuvant (CFA; Sigma-Aldrich, USA) injected subcutaneously at the base of the tail, and with a booster injection of an equal dose of Tg in incomplete Freund's adjuvant (IFA; Sigma-Aldrich, USA) performed 14 days later. Mice treated with phosphate buffered saline (PBS) instead of Tg at the same time served as controls. Four weeks after the second challenge, the behavioral and biochemical parameters of all mice were evaluated (please see Fig. [1](#Fig1){ref-type="fig"}).Fig. 1Experiment schedule. Annotations: Tg, thyroglobulin; CFA, complete Freund's adjuvant; IFA, incomplete Freund's adjuvant; OFT, open field test; EPM, elevated plus maze; FST, forced swimming test; TST, tail suspension test; Anti-TPO: anti-thyroid peroxidase antibody; Anti-Tg: anti-thyroglobulin antibody; T3: triiodothyronine; T4: thyroxin; TSH: thyroid-stimulating hormone; 5-HT: serotonin; Iba1: ionized calcium-binding adapter molecule 1; GFAP: glial fibrillary acidic protein; IL-1β: interleukin-1β; TNF-α: tumor necrosis factor-α; IL-6: interleukin-6; IDO1: indoleamine-2,3-dioxygenase; SERT: serotonin transporter

Behavioral tests {#Sec5}
----------------

Behavioral tests were performed to examine the anxiety/depression-like states in animals. Mice were taken to the test room 60 min before the test. Behavioral procedures were conducted between 0830 and 1200 h in a dim and quiet room. The observers were blind to the experimental design. During the test, all animals were tracked and recorded by ANY-Maze™ Video Tracking Software (Stoelting Co., Illinois, USA) with a digital camera.

Open field test (OFT) {#Sec6}
---------------------

The OFT is widely applied to test motor and anxiety-like behavior of rodents in a novel environment \[[@CR28], [@CR29]\]. The equipment consisted of a black square arena (40 × 40 cm) with walls of 40 cm in height. The computer defined the grid lines dividing the box floor into 16 equal-sized squares, with the central four squares regarded as the center. Each mouse was gently placed at one corner of the arena facing the wall and videotaped for 5 min. Time in the center, entries into the center, total moving distance, mean speed, rearing number, and grooming number were analyzed. After each test, the equipment was wiped down with ethanol.

Elevated plus maze (EPM) {#Sec7}
------------------------

The EPM is a well-validated instrument used to analyze anxiety-like traits in rodents \[[@CR28]\]. The maze (80 cm in height from the ground) is made up of two opposite open arms (30 cm × 5 cm, without edges), two opposite closed arms (30 cm × 5 cm × 15 cm), and a central zone (5 cm × 5 cm). Each animal was gently mildly placed in the central area facing an open arm and left to move freely for 5 min. Open-arm entries, open-arm time, the percentage of open/total-arm entries, and the percentage of open/total-arm time were recorded and analyzed. After each test, the equipment was wiped down with ethanol.

Forced swimming test (FST) {#Sec8}
--------------------------

The FST was applied to measure depressive-like behavior based on previously described methods \[[@CR30]\]. Each mouse was gently placed into a plexiglass cylinder (30 cm in height, 11 cm in diameter) filled with 25 cm of tap water (24 ± 1 °C) for a 6-min test. The trial was videotaped for later manual summation of immobility time during the final 4 min by using a stopwatch. Immobility, defined as floating with only the small movements required to keep the head above water, was evaluated by two observers blind to experimental design and averaged. After each trial, animals were towel-dried, placed under a heat lamp, and returned to the housing cage. The water was replaced in between mice.

Tail suspension test (TST) {#Sec9}
--------------------------

The TST was applied to measure depressive-like behavior as described by Ge et al \[[@CR29]\]. In brief, each animal was hung by adhesive tape and suspended from a fixed hook (50 cm in height from the floor) for 6 min. The trial was videotaped for later manual summation of immobility time during the final 4 min by using a stopwatch. Immobility, defined as no active movements except for respiration and whisker movement, was evaluated by two observers blind to experimental design and averaged. After each test, the apparatus was cleaned.

Tissue preparation {#Sec10}
------------------

On the last day following the TST, mice were deeply anesthetized and randomly sacrificed in the morning (09:00--11:30 am). Blood, the thyroid, and the brain were collected immediately. Blood samples were centrifuged for measuring serological parameters. The thyroids were collected for histopathology. The brains was carefully dissected on ice and randomly assigned for later assay: right frontal lobes for electrochemiluminescence immunoassay, enzyme-linked immunosorbent assay, and transmission electron microscopy and left frontal lobes for immunohistochemistry, TUNEL staining, and real-time RT-PCR.

Electrochemiluminescence immunoassay (ECLIA) {#Sec11}
--------------------------------------------

Serum samples were kept at − 80 °C until use. The levels of serum triiodothyronine (T3), thyroxin (T4), anti-TPO, and anti-Tg were quantified through ECLIA on Cobas e411 immunoassay analyzer (Roche, Mannheim, Germany). The procedures for ECLIA were as described in detail elsewhere \[[@CR31]\]. In addition, the frontal cortex tissues were homogenized in PBS at a ratio of 1:9 (weight to volume) and then centrifuged at 12,000*g* for 20 min at 4 °C. The supernatants were collected for an analysis of protein content using the BCA method and then for 5-HT content measure as well as detection of thyroid autoantibody levels. Frontal cortex anti-TPO and anti-Tg levels in mice were measured with ECLIA and modified by the corresponding protein concentration. Data were expressed as international units per milligram protein of brain issue.

Enzyme-linked immunosorbent assay (ELISA) {#Sec12}
-----------------------------------------

The levels of thyroid-stimulating hormone (TSH) in serum and 5-HT in the frontal cortex were analyzed utilizing ELISA kits (TSH: USCN Life Science Inc., Wuhan, China; 5-HT: Enzo Life Science, NY, USA) \[[@CR32], [@CR33]\], in accordance with the manufacturer's guidelines. Data were expressed as picograms per milliliter of serum or picograms per milligram protein of brain issue.

Hematoxylin and eosin (HE) {#Sec13}
--------------------------

For histopathology, fresh thyroid tissues were fixed and processed for HE. From each animal, five noncontiguous coronal sections were used to examine thyroid histopathology. The thyroiditis classification standard was based on the percentage of thyroid infiltrated, as previously described \[[@CR24]\]: 0 = absence of infiltrate; 1 = interstitial accumulation of inflammatory cells around one or two follicles; 2 = one or two foci of inflammatory cells reaching the size of a follicle; 3 = 10--40% inflammatory cells infiltration; 4 = greater than 40% inflammatory cells infiltration. The histological scores were evaluated and averaged by two investigators blind to experimental design.

Immunohistochemistry (IHC) {#Sec14}
--------------------------

The fixed left hemispheres were processed for paraffin embedding. Serial coronal sections (5 μm thick) were cut at the levels of the frontal cortex following a mouse brain atlas \[[@CR34]\]. Histological sections were used to immunostain ionized calcium-binding adapter molecule 1 (Iba1, Wako) and glial fibrillary acidic protein (GFAP, Abcam). Iba1 immunolabeling was able to identify activated microglia characterized by enlarged, darkened soma and thickened processes \[[@CR35]\]. GFAP immunolabeling allowed for identification of activated astrocytes as demonstrated by hypertrophy of the cell body and stem processes \[[@CR36]\]. For immunohistochemical analysis, five sections (1/5 serial sections) per antibody were used. Sections were dewaxed in xylene and rehydrated through gradient ethanol. After optimum antigen retrieval and quenching endogenous peroxidase, sections were incubated overnight at 4 °C with different primary antibodies, such as rabbit anti-Iba1 (1:500) or rabbit anti-GFAP (1:2000). Subsequently, appropriate secondary antibodies were used, followed by incubation with avidin-biotin complex (Zsgb-bio, Beijing, China). Finally, chromogen was added to each section and counterstained with hematoxylin.

For histopathological analysis, slides were photographed with a Nikon 80i microscope (Nikon, Tokyo, Japan). In each section, three nonoverlapping fields were randomly selected in the frontal cortex at magnification × 100. The numbers of activated microglia and astroglia in the frontal cortex were calculated \[[@CR37], [@CR38]\] . In addition to cell counting, Iba1 and GFAP immunoreactivity was analyzed by determining the percentage of Iba1 or GFAP-stained area, respectively, as described previously \[[@CR38], [@CR39]\]. All images were analyzed by two blinded observers using the public domain NIH ImageJ Program.

Transmission electron microscopy (TEM) {#Sec15}
--------------------------------------

For ultrastructure studies of microglia, astrocytes, and neurons, the frontal cortex in HT mice and the equivalent area in Con mice were obtained according to the mouse brain atlas. The entire TEM procedure was well described in our previous study \[[@CR40]\]. Observations of neuroglia and neurons were made using magnifications ranging from 8000 to 12,000×.

Terminal deoxynucleotidyl transferase-mediated dUTP-biotin nick end labeling (TUNEL) staining {#Sec16}
---------------------------------------------------------------------------------------------

Apoptotic neurons in the frontal cortex were visualized using a TUNEL kit (Roche, Basel, Switzerland) following the manufacturer's protocol. Briefly, serial coronal sections from the left frontal cortex were dewaxed in xylene and rehydrated through gradient ethanol. After rinsing with PBS, the sections were incubated with proteinase K solution at 37 °C for 20 min. Then they were incubated at 37 °C for 2 h with TUNEL reaction mixture in a dark, humidified chamber. Following five PBS washes, the nuclei were stained with DAPI (Servicebio, Wuhan, China) at room temperature for 10 min and slides were coverslipped. TUNEL-positive signals in the frontal cortex were examined using a fluorescent microscope (Nikon Eclipse C1).

RNA purification and real-time RT-PCR {#Sec17}
-------------------------------------

Total RNA was extracted from the frontal cortex using TRI reagent (Invitrogen, Carlsbad, CA) and treated with RNase-free DNase followed by reverse transcription with AMV (Promega, Wisconsin, USA) according to the manufacturer's guidelines. The primers used for PCR are listed as follows: *Iba1*: Forward Primer (FP) - CTT GAA GCG AAT GCT GGA GAA, Reverse Primer (RP) - GGC AGC TCG GAG ATA GCT TT; *GFAP*: FP - CGG AGA CGC ATC ACC TCTG, RP - TGG AGG AGT CAT TCG AGA CAA; *IL-1β*: FP - GAA ATG CCC CTT TTG ACA GTG, RP - TGG ATG CTC TCA TCA GGA CAG; *TNF-α*: FP - CAG GCG GTG CCT ATG TCTC, RP - CGA TCA CCC CGA AGT TCA GTAG; *IL-6*: FP - CTG CAA GAG ACT TCC ATC CAG, RP - AGT GGT ATA GAC AGG TCT GTT GG; *IDO1*: FP - TGG CGT ATG TGT GGA ACCG, RP - CTC GCA GTA GGG AAC AGC AA; *SERT*: FP - CTC CGC AGT TCC CAG TAC AAG, RP - CAC GGC ATA GCC AAT GAC AGA; *18S*: FP - GTA ACC CGT TGA ACC CCA TT, RP - CCA TCC AAT CGG TAG TAG CG. The PCR was conducted on a Light Cycler® 480 Instrument (Roche, Mannheim, Germany) with an initial hold step (95 °C for 5 min) and 50 cycles of 15 s at 95 °C, 15 s at 60 °C, and 30 s at 72 °C. Relative mRNA expression was analyzed using the 2^−ΔΔCt^ method and normalized to the 18s rRNA levels.

Statistical analysis {#Sec18}
--------------------

All statistical analyses were performed using GraphPad Prism 5.0 (San Diego, CA, USA). Values are presented as the mean ± standard error (SEM). Mann-Whitney *U* test was used to analyze the severity of thyroiditis. The other data were compared by unpaired two-tailed Student's *t* test. The significance criterion was set at *p* value \< 0.05.

Results {#Sec19}
=======

Building a euthyroid HT model in mice {#Sec20}
-------------------------------------

As depicted in Fig. [2a](#Fig2){ref-type="fig"}, histological examination showed that control mice had intact thyroid follicles with an even distribution, and monocyte infiltration was hardly found in thyroid tissues. In contrast, HT mice displayed significant thyroid enlargement with disorderly and destroyed thyroid follicles, and monocyte infiltration was found more or less in thyroid tissues. Further quantitative analysis revealed that the severity of thyroiditis in HT mice was significantly higher than that in controls (Fig. [2b](#Fig2){ref-type="fig"}). On the other hand, as seen in Fig. [2c](#Fig2){ref-type="fig"}--[g](#Fig2){ref-type="fig"}, serum concentrations of thyroid autoantibodies (anti-TPO and anti-Tg) in the HT group were apparently higher than those in the Con group (Fig. [2c](#Fig2){ref-type="fig"}, [d](#Fig2){ref-type="fig"}), while no differences in serum T3, T4, or TSH levels (Fig. [2e](#Fig2){ref-type="fig"}--[g](#Fig2){ref-type="fig"}) was detected between groups. Moreover, frontal cortex levels of anti-Tg were significantly higher in HT mice than those in controls (Fig. [3a](#Fig3){ref-type="fig"}). As well, there was a similar, albeit not significant, tendency for frontal cortex anti-TPO levels between groups (*p* = 0.09, Fig. [3b](#Fig3){ref-type="fig"}). Taken together, these findings indicated that a euthyroid HT model was successfully established in mice. Since NOD mice spontaneously develop autoimmune diabetes, we examined serum glucose levels in all mice using a glucose analyzer (Roche, Indianapolis, IN), and no significant difference was detected in serum glucose levels between Con mice and HT mice (5.50 ± 0.55 vs. 6.31 ± 0.52 mmol/L, *p* = 0.30, *n* = 10), in line with previous studies \[[@CR24], [@CR25]\].Fig. 2Building a euthyroid HT model in mice. **a** Representative thyroid sections stained with HE shown at magnification × 50. Con mice displayed a normal thyroid gland. HT mice manifested thyroid enlargement with destroyed thyroid follicles and prominent monocyte infiltration. Arrowhead: thyroid gland; Arrow: infiltrated monocytes. **b** Quantitation of the degree of monocyte infiltration in thyroids. The analysis was done as described in the Methods. **c**--**g** Serum levels of thyroiditis-related parameters, including anti-TPO (**c**), anti-Tg (**d**), T3 (**e**), T4 (**f**), and TSH (**g**). Data are presented as the mean ± SEM, *n* = 10; ns, no statistical significance; ^\*\*^*p* \< 0.01, and ^\*\*\*^*p* \< 0.001, vs. ConFig. 3Frontal cortex levels of anti-Tg and anti-TPO in mice. ECLIA was performed to detect thyroid autoantibody levels in mouse brain homogenate supernatant. **a** Frontal cortex anti-Tg levels. **b** Frontal cortex anti-TPO levels. Data are presented as the mean ± SEM, *n* = 7; ns, no statistical significance; ^\*^*p* \< 0.05, vs. Con

Euthyroid HT induces anxiety-like behavior in mice {#Sec21}
--------------------------------------------------

As depicted in Fig. [4](#Fig4){ref-type="fig"}, anxiety-like behavior was tested in animals by the OFT and EPM. When exposed to the OFT, HT mice made significantly fewer entries into and spent less time in the central zone than did control mice (Fig. [4b](#Fig4){ref-type="fig"}, [c](#Fig4){ref-type="fig"}), while motor function examined by total distance and mean speed did not differ between groups (Fig. [4d](#Fig4){ref-type="fig"}, [e](#Fig4){ref-type="fig"}). In the EPM, HT mice tended to spend less time in and made fewer entries into the open arms relative to control animals (Fig. [4i](#Fig4){ref-type="fig"}, [j](#Fig4){ref-type="fig"}). Additionally, HT mice exhibited a significant decrement in the percentage of open-arm time and number of open-arm entries (Fig. [4k](#Fig4){ref-type="fig"}, [l](#Fig4){ref-type="fig"}).Fig. 4Euthyroid HT induces anxiety-like behavior in mice. The OFT and EPM were used to evaluate anxiety-like states in animals. **a**--**g** Behavioral performances in the OFT, including representative path tracings during the OFT (**a**), entries into the center (**b**), time spent in the center (**c**), total distance (**d**), mean speed (**e**), number of rearings (**f**) number of groomings (**g**). **h-l** Behavioral performances in the EPM, including representative path tracings during the EPM (**h**), open-arm time (**i**), open-arm entries (**j**), percentage of open/total-arm time (**k**), and percentage of open/total-arm entries (**l**). Data are presented as the mean ± SEM, *n* = 10; ns, no statistical significance; ^\*\*^*p* \< 0.05, ^\*\*^*p* \< 0.01, and ^\*\*\*^*p* \< 0.001, vs. Con

Euthyroid HT induces depressive-like behavior in mice {#Sec22}
-----------------------------------------------------

As depicted in Fig. [5](#Fig5){ref-type="fig"}, depressive-like behavior was evaluated in animals by the FST and TST. In the FST, HT mice showed a significant elevation in immobility time compared to control mice (Fig. [5a](#Fig5){ref-type="fig"}). This behavioral pattern was also detected in the TST, with HT mice spending more time in immobility state (Fig. [5b](#Fig5){ref-type="fig"}). Consistent with these results, rearing and grooming actions as assessed during the OFT were markedly reduced in HT mice compared to those in control mice (Fig. [4f](#Fig4){ref-type="fig"}, [g](#Fig4){ref-type="fig"}), suggestive of a depressive-like state.Fig. 5Euthyroid HT induces depressive-like behavior in mice. The FST and TST were performed to assess depressive-like states in animals. **a** Immobility time in the FST. **b** Immobility time in the TST. Data are presented as the mean ± SEM, *n* = 10; ^\*\*^*p* \< 0.01, and ^\*\*\*^*p* \< 0.001, vs. Con

Euthyroid HT induces microglia and astroglia activation in the frontal cortex {#Sec23}
-----------------------------------------------------------------------------

Microglia and astroglia are the main executors in the process of neuroinflammation \[[@CR20]\]. Therefore, we examined the activation status of microglia and astrocytes in the frontal cortex of mice from both groups by using immunohistochemistry, real-time RT-PCR, and TEM. Representative images of Iba-1 (for microglia) and GFAP (for astrocytes) staining are shown in Fig. [6a](#Fig6){ref-type="fig"}, [b](#Fig6){ref-type="fig"}. We noted that there was an apparent increase in microglial activation in HT mice compared to that in controls, as demonstrated by the greater numbers of activated microglia and higher percentages of Iba1-stained areas in the captured photographs (Fig. [6c](#Fig6){ref-type="fig"}). Similarly, the astrocytes also showed intense activation, identified by more activated cells and greater areas of GFAP expression in HT mice than in controls (Fig. [6d](#Fig6){ref-type="fig"}). These immunohistochemical results demonstrated that euthyroid HT induced microglia and astroglia activation in the frontal cortex. A quantitative analysis of *Iba1* and *GFAP* mRNA levels in the frontal cortex (Fig. [6e](#Fig6){ref-type="fig"}) confirmed these results.Fig. 6Euthyroid HT induces microglia and astroglia activation in the frontal cortex. IHC and real-time RT-PCR were performed to assess the activation state of microglia and astrocytes in animals. **a**, **b** Representative images of Iba1 (microglia marker) and GFAP (astrocyte marker) staining in the frontal cortex. Each right-hand panel (× 400) depicts a magnified image of the boxed area of the corresponding image in the left panel (× 100). Black arrows indicate resting microglia or astroglia. Red arrows indicate activated microglia or astroglia. **c** Quantitative analysis of Iba1 immunoreactivity. **d** Quantitative analysis of GFAP immunoreactivity. **e** PCR analysis of *Iba1* and *GFAP*. Data are presented as the mean ± SEM, *n* = 5; ^\*^*p* \< 0.05, ^\*\*^*p* \< 0.01, and ^\*\*\*^*p* \< 0.001, vs. Con

We also observed the ultrastructural features of glial cells by using TEM (Fig. [7](#Fig7){ref-type="fig"}). In HT mice, an intense microglial reaction was observed in the frontal cortex. The activated microglia displayed an enlarged nucleus with large, dense clumps of heterochromatin beneath the nuclear envelope. The cytoplasm of glial cells from HT mice contained more lysosomes, including primary lysosomes and secondary lysosomes, than that of control mice (Fig. [7b](#Fig7){ref-type="fig"}). These pathological features were associated with phagocytic cells \[[@CR41]\]. In addition, the astrocytes, identified by their classical appearance of a narrow rim of chromatin beneath the nuclear membrane, also showed signs of activation in HT mice. These cells tended to show the features involved in active proteosynthesis \[[@CR42]\], such as a well-developed Golgi apparatus, some endoplasmic reticulum, and many mitochondria, in HT mice (Fig. [7d](#Fig7){ref-type="fig"}).Fig. 7Ultrastructural observations of microglia and astrocytes in the frontal cortex. **a**, **b** Representative TEM images of microglia. The control group (**a**) showed an irregular nucleolus with chromatin condensation beneath the nuclear membrane and a primary lysosome (arrow). In contrast, the HT group (**b**) showed an enlarged nucleolus with increased lysosomes including primary lysosomes (arrows) and secondary lysosomes (arrowheads). Mg, microglia. Magnification × 12,000**. c**, **d** Representative TEM images of astrocytes. The control group (**c**) showed the classical appearance of astrocyte with a narrow rim of chromatin beneath the nuclear membrane. The cytoplasm was pale, contained an endoplasmic reticulum (arrowheads) and a few mitochondria (asterisk). In contrast, the astroglia in the HT group (**d**) had an organelle-rich cytoplasm that included a well-developed Golgi apparatus (arrow), some endoplasmic reticulum (arrowheads), and many mitochondria (asterisks). As, astroglia. Magnification × 10,000

Euthyroid HT promotes proinflammatory cytokine expression in the frontal cortex {#Sec24}
-------------------------------------------------------------------------------

Activated neuroglia are widely accepted to be able to produce classical proinflammatory cytokines, such as IL-1β, TNF-α, and IL-6 \[[@CR19]\]. Accordingly, we probed expression of the cytokines by real-time RT-PCR. Here, frontal cortex expression of *IL-1β* and *TNF-α* was significantly upregulated in HT mice compared to the expression in controls (Fig. [8a](#Fig8){ref-type="fig"}, [b](#Fig8){ref-type="fig"}). In line with this, there was a tendency (albeit not significant) for higher *IL-6* expression in the frontal cortex of HT mice than in that of controls (*p* = 0.08, Fig. [8c](#Fig8){ref-type="fig"}).Fig. 8Euthyroid HT promotes proinflammatory cytokine expression in the frontal cortex. Proinflammatory cytokine expression was probed by real-time RT-PCR. **a**--**c** Expression of *IL-1β* (**a**), *TNF-α* (**b**), and *IL-6* (**c**) mRNA. Data are presented as the mean ± SEM, *n* = 5; ns, no statistical significance; ^\*^*p* \< 0.05, vs. Con

Euthyroid HT does not induce neuronal apoptosis in the frontal cortex {#Sec25}
---------------------------------------------------------------------

In this study, we performed TUNEL staining and TEM to identify neuronal apoptosis in the frontal cortex. As shown in Fig. [9a](#Fig9){ref-type="fig"}, we did not observe any changes in TUNEL-positive neurons in the frontal cortex between groups. In addition, ultrastructure of frontal cortex neurons in HT mice was similar to Con mice with the nucleus with intact nuclear membranes and evenly distributed chromatin (Fig. [9](#Fig9){ref-type="fig"}b). There were no apoptotic features, such as chromatin margination or nuclear condensation \[[@CR43]\], in the neurons examined.Fig. 9Euthyroid HT does not induce neuronal apoptosis in the frontal cortex. Neuronal apoptosis was identified by the TUNEL staining and TEM. **a** Representative fluorescent images showing TUNEL-labeled (green) apoptotic cells counterstained with DAPI (blue) in the frontal cortex of control mice and HT mice (*n* = 5/group). Magnification × 100. **b** Representative TEM images of frontal cortex neurons in Con mice and HT mice (*n* = 3/group). The neuronal nuclei (Nc) had no signs of apoptosis, such as chromatin margination or nuclear condensation, in the neurons examined. Magnification × 8000

Euthyroid HT alters 5-HT signaling in the frontal cortex {#Sec26}
--------------------------------------------------------

Since our data clearly showed inflammation induction in the frontal cortex of HT mice, we further extended the work to study key mediators involved in the central 5-HT signaling that were sensitive to inflammatory cytokines \[[@CR23]\]. We found that mRNA expression of tryptophan-degrading enzyme indoleamine-2,3-dioxygenase (IDO1) and 5-HT transporter (SERT) was significantly higher in HT mice than in control mice (Fig. [10a](#Fig10){ref-type="fig"}, [b](#Fig10){ref-type="fig"}). As expected, the levels of 5-HT measured by ELISA showed a significant reduction in the frontal cortex of HT mice compared to that in controls (Fig. [10c](#Fig10){ref-type="fig"}).Fig. 10Euthyroid HT alters 5-HT signaling in the frontal cortex. **a**, **b** Expression of *IDO1* and *SERT* mRNA (*n* = 5). **c** 5-HT concentrations (*n* = 7). Data are presented as the mean ± SEM; ^\*^*p* \< 0.05, and ^\*\*^*p* \< 0.01, vs. Con

Discussion {#Sec27}
==========

Tg is a well-known thyroid auto-antigen associated with the development of thyroiditis in both rodents and humans. Tg-induced thyroiditis is a classic model for studying HT \[[@CR24]\] and can be established in susceptible mice, such as NOD mice, leading to the development of HT-like illness characterized by monocyte infiltration into the thyroid gland and presence of autoantibodies against Tg and TPO, which are serological hallmarks of HT \[[@CR2]\]. Thus, this model has been widely used to explore the pathogenesis of HT and test therapeutics \[[@CR24], [@CR44], [@CR45]\]. In our study, mice immunized with Tg showed intrathyroidal monocyte infiltration and rising serum thyroid autoantibody (TA) levels accompanied by normal T3, T4, and TSH levels, which defines euthyroid HT in humans. To our knowledge, our study is the first to use this model to investigate the effect of HT itself on emotional function in mice, focusing on the possible contribution of neuroinflammation in mediating such an effect.

Thyroid diseases resulting in thyroid dysfunctions are well known to be able to induce psychological deficits, including anxiety and depression \[[@CR4]\]. However, the literature on the emotional effects of euthyroid HT are limited and controversial. An early epidemiological study indicated that no association was found between thyroid autoantibodies and anxiety or depression, neither crude nor adjusted for T4 and TSH \[[@CR46]\]. On the other hand, other researchers reported impairments of mental well-being in patients with HT that were shown to be independent of thyroid function \[[@CR5]--[@CR8]\]. In this study, we first investigated whether HT affected emotional performance regardless of thyroid dysfunctions in mice. Here, HT mice displayed more anxiety-like behavior during the OFT and EPM than control mice despite a similar thyroid functional state between groups. These mice also displayed prolonged immobility time in the FST and TST, suggestive of depressive-like behavior. These results indicated that HT itself induced behaviors relevant to mood disorders in mice, providing preliminary evidence to support the clinical literature linking euthyroid HT to increased emotional reactivity.

Recently, the crucial role of neuroinflammation in the development of psychological disorders including depression and anxiety has received more attention. Characteristic features of neuroinflammation include the activation of microglia and astroglia and generation of proinflammatory cytokines \[[@CR19]\]. An increasing number of human studies have reported microglia activation in the CNS of patients with psychiatric disorders, such as depression, schizophrenia, and anxiety \[[@CR47], [@CR48]\]. Results from animal models have shown that neuroinflammation is closely associated with abnormal emotional behavior, which could be improved after antiinflammatory treatment \[[@CR49]--[@CR51]\]. Notably, studies on brain biopsy revealed activated microglia and reactive astrocytes in patients with Hashimoto's encephalopathy \[[@CR13], [@CR14]\], a severe form of a deterioration of the CNS in patients suffering with HT. In the present study, the effects of HT itself on neuroinflammation were examined. Using immunohistochemistry, we found that microglia and astrocytes were activated in the frontal cortex of HT mice. Ultrastructural observations further confirmed glia activation in HT mice, with microglia showing phagocytic function and astrocytes tending to show features involved in active proteosynthesis. Moreover, these observations were accompanied by an increase in the expression of glial marker *Iba1* and *GFAP* as well as pro-inflammatory cytokines *IL-1β* and *TNF-α.* These results demonstrated that HT induced neuroinflammation in the euthyroid state. Thus, HT-induced emotional alterations may be, at least partially, attributed to neuroinflammation.

The mechanisms by which HT induces neuroinflammation in the euthyroid state are still unknown. A recent study showed experimental hyperthyroidism promoted activation of microglia and astrocytes in the cerebral cortex of young mice \[[@CR52]\]. In another animal model, hypothyroidism was associated with an increased number of astrocyte cells in the brain \[[@CR53]\]. In our study, neuroinflammatory reactions, such as glia activation, were unlikely to be due to thyroid dysfunctions, because serum T3 and T4, as well as TSH, were within the normal range. On the other hand, increased TA themselves may also be pathogenic, given that anti-TPO specifically binds to astrocytes in vitro \[[@CR54]\]. Moreover, different studies described the presence of antigenic sites for TA on neural tissues \[[@CR55], [@CR56]\], and most recently, anti-Tg has been shown to immunolocalize to vascular smooth muscle of all limbic regions, including frontal cortex \[[@CR57]\]. The present study described the increased presence of TA in the frontal cortex of HT mice. It appears reasonable to then propose that TA may cross-react with auto-antigens expressed in the brain and modulate local immune responses. Further studies are needed to explore the detailed mechanisms underlying neuroinflammation in the context of euthyroid HT.

Interestingly, despite this inflammatory response, no signs of neuronal apoptosis were visible by the TUNEL staining and TEM in the frontal cortex of HT mice. This result was in line with previous studies showing that increased brain inflammatory response was not functionally associated to neuronal apoptosis or neuronal damage \[[@CR58]--[@CR61]\]. It is interesting to speculate that HT could not induce neuronal damage. This may explain the very consistent finding of normal neural activity on resting-state functional magnetic resonance imaging in patients with euthyroid HT \[[@CR62]\]. Utilization of other markers to assess neurodegeneration or neurogenesis would have been useful but it was beyond the scope of the study. Despite no evident structural alterations of neurons, emotional dysfunction can occur due to functional impairments, for example, of the serotonergic signaling system, which are important mechanisms in the regulation of mood \[[@CR63]\].

Recent studies have revealed that the serotonergic signaling system may be a major target for immune mediators, such as proinflammatory cytokines. In vitro results have shown that treatment with proinflammatory cytokines, such as IL-1β and TNF-α, directly induce IDO1 and SERT expression in neuroglia and/or neurons \[[@CR64]--[@CR67]\]. In vivo studies have suggested that central inflammatory signaling activation significantly upregulates IDO1 and/or SERT, resulting in depressive-like behavior in animals \[[@CR68]--[@CR70]\]. Indeed, IDO-1 and SERT are crucial regulators of central 5-HT signaling, which plays vital roles in the development of psychiatric symptoms in humans and animals \[[@CR63]\]. In this study, frontal cortex expression of *IDO-1* and *SERT* was sharply increased in HT mice. Moreover, the 5-HT concentration in the frontal cortex was lower in HT mice than in controls. These results demonstrated that elevated expression of IL-1β and TNF-α paralleled by glial activation provoked by HT may impact 5-HT signaling and thereby contribute to the emotional disturbance. Different studies have revealed that antiinflammatory drugs such as celecoxib have an inhibitory effect on the neuroinflammatory response \[[@CR38], [@CR71], [@CR72]\] and that celecoxib therapy exerts a beneficial effect on psychiatric symptoms in some cases \[[@CR73], [@CR74]\]. Detailed data on the effects of antiinflammatory therapy upon psychiatric symptoms related with euthyroid HT is of interest for future studies.

There are some deficiencies in the present study. First, all behavioral tests were conducted on the same group of mice. The stress associated with exposure of the mice to behavioral tests may consequently affect performance in the subsequent behavioral tests; therefore, we are unable to entirely exclude an interactive effect among the behavioral tests. However, the mice in control group underwent the same behavioral tests in this study. Second, although IL-1β, TNF-α, and IL-6 are the most common cytokines involved in process of neuroinflammation, they do not represent the entire range of inflammatory molecules. Therefore, other inflammatory cytokines related to neuroinflammation remain to be considered. Third, this study focused on the frontal cortex because this brain area is involved in mood control and is the primary region affected in euthyroid HT patients. Other brain regions relevant to mood regulation, such as the hippocampus, should be examined in further studies.

Conclusions {#Sec28}
===========

In summary, emerging clinical studies have shown that HT renders individuals vulnerable to psychopathology in the euthyroid state. Using an animal model, this study provides further evidence for such arguments, showing for the first time that euthyroid HT induced emotional alterations in mice, at least partially, through induction of neuroinflammation and alterations in 5-HT signaling in the frontal cortex. These findings provide preliminary leads to further explore the potential role of neuroinflammation in mediating these psychological consequences of euthyroid HT and to develop effective approaches to combat them.
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